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Introduction

33
Enzymatic bioconversion technologies have attracted growing interests in the field of 34 wastewater treatment. Their advantages include a high activity on a broad range of substrates 35 at mild conditions, a high specificity that allows elimination of the selected and specific 36 compounds, as well as less toxic biodegradation by-products [1] . With these characteristics, 37 enzymatic systems are particularly beneficial for the selective removal of pollutants from 38 waste streams, especially the recalcitrant micro-pollutants which cannot be treated effectively 39 by the traditional methods (Yang et al., 2013b) . 40
White-rot fungi can efficiently degrade a broad range of recalcitrant micro-pollutants such as 41 endocrine disruptor chemicals (EDCs), pharmaceutically active chemicals (PhACs), hormone 42 and pesticide via one or more extracellular enzymes including lignin peroxidases, 43 manganese-dependent peroxidases and laccase [2] [3] [4] [5] [6] . Among these enzymes, laccase uses 44 dissolved oxygen as the final electron acceptor, and possesses relatively good stability. As a 45 result, it is considered as the most promising candidate for industrial wastewater treatment 46 [7] [8] [9] . However, rapid denaturation of the free enzyme and its difficulty in reuse restrict their 47 wider applications for industrial processes [10, 11] . 48 For practical application, the immobilization of enzymes is desirable for the improved 49 operational stability under various industrial conditions. It also facilitates the design of the 50 biocatalytic reactors with easier enzyme reuse and process control [9] . Recently, the TiO 2 51 based enzyme immobilization technique has attracted increasing attention, due to its low 52 price, good stability, coordination ability with amine and carboxyl groups, as well as good 53 biocompatibility. In our previous research, we sequentially functionalized TiO 2 nanoparticles 54 with 3-aminopropyltriethoxysilane (APTES) and glutaraldehyde (GLU) to allow its covalent 55 bonding with purified commercial laccase [12, 13] . The immobilized laccase retained most ofits original activity and the biocatalytic nanoparticles exhibited good operational stability for 57 micro-pollutant degradation. 58
The enzymatic wastewater treatment process is still relatively expensive, mainly due to the 59 performed using the same gels without adding SDS and then stained with 0.5 mM ABTS in 104 0.1 M pH 5 citric acid-phosphate buffer for 30 min, where the laccase active bands were 105 highlighted in dark green. 106
Immobilization of the crude enzyme 107
Crude enzyme was covalently immobilized on TiO 2 nanoparticles via a sequential technique 108 developed previously [32] . Briefly, TiO 2 nanoparticles were modified by APTES in pure 109 ethanol for 24 h and then dispersed in 4% (v:v) GLU in 100 mM pH 7 phosphate buffer 110 solution for 12 h. After being washed with centrifugation and re-dispersion processes, the 111 functionalized particles (typically 50 mg) were immersed in 10 mL enzyme solution (pH 7) 112 with continuous shaking for 48 h under 4 ˚C. Finally, the biocatalytic nanoparticles were 113 centrifuged and re-dispensed three times to remove the loosely attached enzymes and other 114 non-protein components. For efficient immobilization of the enzyme, the crude extract was 115 diluted, and the diluted samples were designated as CE-T (i.e. CE-10), where T represents the 116 dilution times. 117
Crude enzyme content was determined using the Lowry method [32] . The activities of both 118 free and immobilized enzymes were determined by the oxidation of ABTS. The reaction was 119 conducted at 25 ˚C in a volume of 20 ml. The reaction mixture consisted of 19.5 ml of 0.5 120 mM ABTS in 0.1 M pH 3 citric acid-phosphate buffer and 0.5 ml of enzyme solution (free 121 enzyme solution or nanoparticle with immobilized enzyme suspension solution). The change 122 in absorbance, corresponding to the oxidation of ABTS, was monitored at 420 nm over a 123 period of 5 min with Cary 100 Bio UV-Vis Spectrophotometer. Enzyme activity was 124 expressed in units per ml crude extract (U/ml) for free enzyme and units per mg nanoparticles 125 (U/mg) for the immobilized enzyme, respectively. One unit of enzyme catalyzes theconversion of 1 µmol of ABTS per min. More details can be found in our previous 127 publication [32] . 128
The activity recovery η ar is defined as 129
where A E,NP is the apparent activity of the biocatalytic nanoparticles, and the denominator 131 stands for the activity theoretically bound to the nanoparticles (i.e. the difference between the 132 activity of the initial enzyme solution A E,Initial and the activity of the supernatant after 133
The loading efficiency of enzyme is defined as the ratio of the amount of enzyme 135 The effect of pH and temperature on the activity of the free and immobilized enzymes was 159 determined using ABTS assay at different pH (2.5-7) and temperatures (25-70 ˚C). pH 160 conditions were maintained using a citric acid-phosphate buffer (0.1 M, pH 2.5-5) or a 161 phosphate buffer (0.1 M, pH 6-7). The stability was determined by comparing the activity of 162 enzyme before and after 12-hour incubation in different pH buffer at 25 ˚C. Thermal stability 163 tests of the free and immobilized enzyme were performed by incubating enzyme samples at 164 different temperature (20-70 ˚C) in pH 3 buffer for 2 h. To determine the long-term stability, 165 both free and immobilized enzymes were stored at 25 ˚C in pH 5 buffer solution for 30 days. 166
For all the stability tests, the enzyme activity was determined with ABTS assay under 167 standard conditions (0.5 mM ABTS, pH 3, 25 ˚C). 168
Micro-pollutants degradation with the biocatalytic nanoparticles
where biocatalytic TiO 2 nanoparticles were suspended in the membrane feed solution and a 171 0.45 µm hydrophilic PVDF membrane was used to retain the particles within the feed side. 172
The details of the experimental rig can be found in our previous publication [12] . Prior to the attempt of immobilizing crude enzyme onto nanoparticles, the culture supernatant 198 from fungus P. ostreatus was electrophoretically analysed using the SDS-PAGE to identify 199 the protein components. Crude enzyme extract from P. ostreatus is shown to be 200 homogeneous with a single band according to the result of SDS-PAGE (Fig. 1a) . The relative 201 molecular mass for the band is in the range between 50 and 75 kD as estimated by the protein 202 markers, which aligns the molecular mass of the purified commercial laccases secreted from 203 the same white-rot fungus [34] (Fig. 1a) . This observation suggests that laccase is the primary 204 enzyme component present in the crude enzyme extract. Fungus P. ostreatus has been 205 reported to primarily secrete laccase, together with barely detectable amounts of ligninolytic 206 enzymes including lignin peroxidase and manganese peroxidase within most culture medium 207 applied for fungus growth [35, 36] . To verify the crude laccase activity, no-denaturing gel 208 (Native-PAGE) was performed using ABTS as a substrate to stain the protein band. In the 209 absence of SDS, proteins migration rate in the gels is based on their isoelectric point and 210 mass. As demonstrated in Fig. 1b an apparent activity (0.019 U/mg NP ) for the biocatalytic nanoparticles. Given the fact that the 228 laccase from crude enzyme extract has similar molecular mass and isoelectric point with the 229 purified commercial counterpart (Fig. 1) , the undesirable performance of the biocatalytic 230 nanoparticles with the crude enzyme can be mainly attributed to the complex composition of 231 the extract. Indeed, the crude enzyme extract is a cocktail of laccase, growth medium (malt 232 extract broth in this work), and some other unidentified minor cofactors. As a result, thefunctionalized nanoparticles could be covered or buried by the non-enzyme components 234 during the direct immobilization process, which leads to a reduction of the surface area 235 available for enzyme anchoring and weaker interaction between the enzyme and the cross-236 linkers on the TiO 2 surface. Even though the apparent activity is quite low, an unexpectedly 237 high activity recovery rate is observed for the crude enzyme after immobilization (i.e. 238 ~125%), indicating that the enzyme is more active after immobilization than in its free form, 239 possibly due to the reduced unfavorable interaction (e.g. Although the apparent activity achieved was rather low, initial immobilization results 249 highlighted the advantage of enzyme immobilization in terms of activity recovery rate. In 250 order to reduce the attachment of the non-enzyme components onto the TiO 2 nanoparticle 251 surface, the original crude enzyme extract was diluted prior to immobilization. As shown in 252 crude enzymes, the N/C ratios are strongly dependent on the dilution ratio, and the N/C ratios 273 increase significantly with higher dilution ratios applied. The biocatalytic nanoparticles 274 prepared using the original undiluted crude enzyme result in the lowest N/C ratio of 2 %, 275 while the biocatalytic particles obtained with 100-time diluted crude enzyme (CE-100) give a 276 much higher N/C ratio over 25%. Given the fact that protein molecules are the major 277 contributor to total nitrogen, this observation revealed that the proportion of enzymes 278 immobilized on the particles increase when the diluted crude enzyme is used for 279
immobilization. This is consistent with the enzyme loading results demonstrated in Fig. 2a . 280
Furthermore, with a dilution of the original crude enzyme (e.g. CE-10 to CE-100), the N/Cratios of immobilized enzymes were much higher than that of free crude enzymes and close 282 to that of purified enzymes, thus further highlighting the 'purification' effect of the crude 283 enzyme after immobilization. 284 285 The activity recovery exceeded 100% in nearly all cases (except for the crude enzyme with 5 290 times dilution) and generally increased with more dilution. Corresponding with this 291 observation is the improvement in the specific activity of crude laccase (U/mg laccase ) after 292 immobilization. As indicated in Table S1 , the specific activities of immobilized enzymes are 293 generally higher than that of the free enzyme, and peaked at 20.8 U/mg laccase for the 294 biocatalytic particles prepared using 100 times diluted crude enzyme (CE-100). It is usually 295 reported that an enzyme loses its activity after being immobilized on supports due to the 296 potential conformational change of protein structure and the increased mass transport 297 resistance between the active site of the enzyme and its substrate. However, a few studieshave also observed increased activity after immobilization, mainly due to the partial 299 unfolding of the enzyme leading to more exposure of the active sites [37, 38] . However, in 300 this work, the immobilization purified commercial laccase still experienced activity loss, 301
indicating that the improved activity of the crude enzyme is not originated from the 302 conformational change of the proteins. Considering the complex composition of the crude 303 enzyme extract, the free enzyme can have unfavorable interactions with the non-protein 304 components, leading to aggregation and less accessible active sites. In comparison, after 305 immobilization, laccase is covalently immobilized on nanoparticles, while other components 306 are loosely attached to the support surface via physical interactions. With this regard, the 307 immobilization reduces the unfavorable interactions for the laccase within free crude enzyme 308 extract, and the active site of immobilized laccase would be more accessible to substrates, 309 thus leading to a higher apparent activity. 310
In order to further understand the effect of dilution on the biocatalytic nanoparticle 311 performance, we conducted particle size analysis to understand the particle aggregation 312 during the crude enzyme immobilization process. As shown in Fig. 4 , the mean diameter of 313 nanoparticle clusters increases significantly after crude enzyme immobilization, indicating 314 the bonding of protein and non-protein components onto the particles. It should be noted that 315 the original undiluted crude enzyme leads to a significant aggregation of the particles, while 316 the biocatalytic nanoparticles fabricated with the diluted enzyme have smaller particle sizes. 317
Such an observation well aligns our previous results. By using the undiluted enzymes, the 318 nanoparticles can be covered by a large amount of the non-protein components, leading to 319 nanoparticle aggregation and increased mass transfer resistance. This can also compromise 320 the large surface area of the biocatalytic nanoparticles, thus leading to much lower enzyme 321 loadings and activities. 322 volumes of the 10-time diluted crude enzyme extracts. As shown in Fig. 5a , the increase of 331 the enzyme amount results in an improvement in laccase loading but a reduction in the 332 laccase loading efficiency. In terms of the biocatalytic nanoparticle activity, it increases with 333 enzyme amount and reached 0.11 U/mg NP at an enzyme amount of ~850 µg (Fig. 5b) . 334
However, further increase of the initial crude enzyme volume led to a significant loss of the 335 activity. Such an observation indicates that all the enzyme anchoring sites on the nanoparticle 336 surface have been occupied by the laccase at this condition, and a further increase in the 337 initial crude enzyme amount lead to the undesired lateral interaction between the over-crowed 338 laccase and unfavorable interactions between immobilized laccase and non-protein 339 components, thus causing the loss in activity. The activity recovery rate drops gradually with 340 a higher initial enzyme amount (Fig. 5b) . In general, laccase from the crude extract mixture 341 can be effectively immobilized onto the TiO 2 nanoparticles, and the immobilization 342 performance (i.e. laccase loading and activity) is comparable to that of the purified 343 commercial enzymes (Table 1 ). In the following sections, the immobilized crude laccase is 344 further characterized in terms of kinetic constants, pH and temperature stability. Then the 345 performance of the biocatalytic particles is compared with that of the free crude enzyme. 346 active sites after immobilization. In addition, the conformational changes of the enzyme 364 molecule and steric hindrance could also lead to an increase in K m . However, compared with 365 the previous reports on laccase immobilization, the increase of K m observed in the current 366 work is relatively minor, suggesting that immobilizing crude enzyme on TiO 2 nanoparticles 367 can be a promising solution to retain the catalytic efficiency of the enzyme. 368 Table 2 . Kinetic parameters of the crude enzyme immobilized on TiO 2 nanoparticles (ABTS 369 assay). 370 The activity of both free and immobilized enzymes on pH was determined via the ABTS 374 assay and the results were plotted in Fig. 6a . Typical monotonic activity curves are observed 375 for both free and immobilized enzymes as the pH increases from 3 to 7. Such an observation 376 is consistent with the reported impact of pH on fungal laccase activity: this has been 377 attributed to the OH -inhibition to T2/T3 copper at higher pH [30, 40] . As demonstrated in Fig.  378 6a, the activity of free enzyme drops more significantly along with higher pH, and less than 379 20% of the relative activity is observed at neutral pH (pH 7). In comparison with the free 380 enzyme, the immobilized enzyme performed significantly better in the pH range of 3.0 to 6.0. 381 This is further demonstrated by the pH-stability plot (Fig. 6b) , which shows that the 382 immobilized enzyme generally retained higher relative activity. by incubating the samples at pH 2.5-7 at room temperature for 12 h. After incubation, the 390 enzyme activity was assayed at standard conditions (pH 3, 25 ˚C) and the relative activity 391 after incubation was determined using the reaction velocity at pH 3 before incubation as the 392 benchmark. 393
Conclusion 491
This work applied surface functionalized TiO 2 nanoparticles for the direct immobilization of 492 the crude enzyme extracts. Simply by diluting the original crude enzyme extracts, the 493 undesired interaction between the non-protein components and immobilization support 494 surface could be alleviated. The resultant nanoparticles exhibited comparable performance to 495 the purified commercial enzymes. The feasibility of using the biocatalytic nanoparticle for 496 wastewater treatment was further exemplified by two representative micro-pollutants. In 497 general, the biocatalytic nanoparticles in this work show a significant potential to immobilize 498 crude enzyme extracts for cost-effective practical applications. 499 
